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EFFECTS OF RADIAL AND CIRCUMFERENTIAL INLET VELOCITY PROFILE
DISTORTIONS ON PERFORMANCE OF A SHORT-LENGTH
DOUBLE-ANNULAR RAM-INDUCTION COMBUSTOR
by Donald F. Schultz and Porter J. Perkins

Lewis Research Center

SUMMARY

Inlet air velocity profile tests were conducted on a full-scale short-length 102-
centimeter- (40-in.-) diameter annular combustor designed for advanced gas turbine
engine applications. The combustor was originally designed for a large turbofan engine
operating at flight speeds up to Mach 3. 0. The inlet profiles studied include radial dis-
tortions that were center peaked and tip peaked. A circumferential distortion which was
center peaked for one-third of the circumference and flat for the other two-thirds was
also tested.

Combustion efficiency, air distribution, and exit temperature profile were aifected
little by the different radial airflow profiles. An increase in combustor pressure loss
was the most significant effect. However, with the circumiferential distortion, com-
bustor exit temperature pattern factor deteriorated. At a simulated takeoff condition
with an average combustor temperature rise of 750 K (1350° F) pattern factor increased
from 0.245 to 0.530 with the circumferential distortion compared to the flat inlet veloc-
ity profile.

INTRODUCTION

Previous tests of this short-length double-annular ram-induction combustor (ref. 1)
were conducted with flat airflow profiles entering the combustor. However, jet engine
combustors seldom have flat inlet air profiles. They are commonly center or tip peaked
and occasionally also circumferentially nonuniform. Circumferentially nonuniform pro-
files were reported in reference 2 for a research compressor with 120° of circumferen-
tial inlet distortion using screens to distort that sector.



Airflow distortions result from the compressor design, engine inlet design, and
aircraft attitude. To perform satisfactorily a combustor must be insensitive to the inlet
air profile, or the profile must be tailored to the combustor by modifying the engine
inlet, compressor, or combustor diffuser.

One of the more outstanding characteristics of the ram-induction combustor is that
its exit temperature profile is very insensitive to the radial inlet velocity profile. Pre-
vious tests of a single-annular ram-induction combustion (ref. 3) have demonstrated
this characteristic. While such combustors have shown the ability to provide a satis-
factory exit temperature profile with a radially distorted inlet air profile, the effects
of a circumferentially distorted profile are not generally known. A circumferentially
distorted profile would be expected to produce a more serious effect of high exit tem-
peratures in the regions of low airflow.

For these tests the airflow was distorted from a flat inlet velocity profile to a cen-
ter peaked profile, a tip peaked profile, and a circumferential distorted profile. This
was done by inserting punched plates a short distance upstream of the diffuser inlet. In
all cases, the punched plate extended only part way across the inlet annulus leaving at
least the center area fully unobstructed.

The effects of various radially and circumiferentially distorted steady-state airflows
on the combustor pressure loss, exit temperature profiles, and pattern factors are pre-
sented. The investigation was conducted in a full-scale engine component, connected-
duct research facility at the Lewis Research Center.

Appendixes A to E give details concerning reported symbols, combustor design,
test facility, instrumentation, and calculations, respectively.

AIRFLOW DISTORTION PLATES

To undertake this study, it was necessary to develop a technique of distorting the
airflow profile near the outer and inner walls of the diffuser inlet. Punched plate ex-
tending perpendicularly from each wall into the constant area section of the diffuser
inlet was found to be satisfactory. Figure 1(a) shows the axial location of the distortion
plates, while figure 1(b) shows the distortion plate location used with the circumferential
airflow profile.

Figure 2 is a photograph of the airflow distortion plates used. The punched plates
had 29 percent open area with 0. 084- centimeter (0. 033-in.) holes, and were 0. 061 cen-
timeter (0. 024 in.) thick. The support backing plate is 0.318 centimeter (0.125 in.)
thick and 1.905 (0.'75 in. ) wide. The outer diameter plate was 0.968 centimeter (0.381
in. ) wide (extension from wall of diffuser) while the inner diameter plate was 1.286 cen-
timeter (0.506 in.) wide. The plates were made in segments. They were installed
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Figure 2. - Inlet airflow distortion plates.

with pins extending from the outer housing to the inner diameter housing and located
behind diffuser inlet struts.

For these tests, four inlet velocity profiles were used; namely, flat, center peaked,
tip peaked (peaked toward the outer diameter), and circumferentially distorted. For the
flat inlet velocity profile no plates were installed. The center peaked profile used
plates on both the inner and outer walls of the passage, while the tip peaked inlet veloc-
ity profile used only the inside diameter plates. For comparison of results, the circum-
ferentially distorted inlet velocity profile utilized the flat inlet velocity profile for two-
thirds of the inlet circumference and the center peaked inlet velocity profile for the

remaining one-third.

TEST CONDITIONS

Simulated sea-level takeoff and Mach 2.7 cruise were the two combustor test con-

TABLE I. - SIMULATED OPERATING CONDITIONS

Takeoff |[Mach 2.7 cruise
Inlet air temperature, K (°F) 589 (600) 839 (1050)
Inlet air total pressure, N/m2 abs (psia) 62 (90) 41 (60)
Reference velocity, m/sec (ft/sec) 30.5 (100) 45.7 (150)
Exit average temperature, K (°F) 1478 (2200) | 1478 (2200)
Temperature rise, K (°F) 889 (1600) 639 (1150)
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TABLE II. - DATA TABLE

Run Inlet air conditions Combustor operating conditions Combustor performance characteristics
Velocity nrofile Total pressure Total Airflow Diffuser  Reference  Fuel air Average outlet Inlet fuel Fuel nozzle Pattern Stator Rotor Combustor Combustor Composition
9 _ tempera- mlet velocity ratio temperature tempera- differential factor factor factor average pressure  efficiency,
N/em® abs psia ture kg/sec Ib/sec Mach Y ture pressure temper- loss, percent
o number MsSec ft/sec K F o 2 ature rise  percent
K F K F N/ecm psi _
K °F
157 Flat 62.1 90.1 594 609 50.4 111.0 0.252 32.2 105.6 ------ B L L L e dIE L L P 5.80  -----
175 62.5 90.6 587 598 49.5 109.1 .249 31.1 102.1 0.0211 1358 1984 289 61 159 230 0.238 0.234 0.0385 770 1387 5.95 104.0
176 62.7 90.9 590 603 49.3 108.6 .243 31.0 101.8  .0255 1497 2235 289 60 229 332 .270  .240 .0618 907 1633 5.91 103.5
171 63.5 92.1 588 599 50.1 110.5 244 31.1 102.0 .0252 1489 2221 288 5% 233 338 .266  .236 .0623 901 1622 5.89 103.7
181 42.6 61.8 841 1054 33.4 73.6 .297 44.1 144.7 .0185 1475 2195 288 59 55 81 .219 .180 .0236 634 1141 8.22 101.7
182 42.7 61.9 840 1052 33.4 13.6 .296 43.9 144.1 .0186 1476 2196 290 62 56 81.5 .213 .204 .0236 636 1144 8.30 101.9
184 42.6 61.8 841 1053 33.3 73. 4 .296 44.0 144.2 .D186 1479 2203 290 63 56.5 82 .206  .202 .0239 639 1150 8.24 102.1
185 41.6 60.4 841 1054 34.7 76.5 .319 46.9 153.8 ~------ B Ll I L T e 9.22 e
274 Center peaked 61.8 89.6 589 601 47.3 104.2 .248 30.0 98.4 ------ B L 7.58  —e-e-
275 62.0 89.9 587 596 47.4 104.5 .247 29.8 97.9 .0133 1097 1515 301 82 57 82 .262  .243 .0518 511 919 7.74 105.3
276 Center peaked 62.1 90.1 590 602 47.3 104.3 .247 29.9 98.1 .0166 1217 1730 299 79 90 131 .280  .262 .0486 627 1128 7.80 105. 4
271 62.0 89.9 589 600 47.3 104.2 . 247 29.9 98.1  .0201 1336 1946 299 79 133 194 .306  .289 .0613 747 1345 7.82 105.17
278 62.0 90.0 587 597 47.2 104.2 .246 29.7  97.6  .0237 1452 2154 300 80 184 268 .320 .292 .0844 865 1558 7.74 105.7
280 43.6 63.3 842 1056 33.9 74.8 .318 43.4 142.5  .0098 1191 1683 312 102 15 22 .252 .244 .0216 348 627 11.63 102, 1
282 43.5 63.0 841 1053 34.1 75.2 320 43.7 143.4  .0132 1309 1897 304 87 29 43 .259  .253 .0350 469 843 11.77 103.3
283 Center peaked 43.9 63.6 840 1052 34.0 75.0 .316 43.2 141.7 1413 2084 303 85 48 67 .242 .238 11.52 103.6
284 44,5 64.7 841 1054 34.0 75.0 .309 42,6 139.7 1464 2176 301 83 55 79 .266 .262 11.14 103.2
285 43.3 62.8 841 1055 33.9 74.8 320 43.7 143.3 B 11.37
287 Tip peaked 63.6 92.2 584 592 51.1 112.6 . 255 31.3 102.6 mems —mme e o 6.88
288 63.3 91.9 586 595 s51.1 112.7 .257 31.5 103.3 1092 1506 299 79 7.30 104.2
289 Tip peaked 63.2 91.7 588 598 51.0 112.5 .257 31.6 103.7 .0166 1211 1720 298 77 103 149 .247  .243 .0697 623 1122 7.25 104. 4
290 62.9 91.3 588 598 51.2 112.8 .259 31.8 104.5 .0199 1327 1929 298 76 150 218 .260 .286 .0721 1739 1331 7.28 104.8
291 63.2 91.7 587 597 50.8 112.1 .256 31.4 103.2 .0217 1385 2033 298 77 178 258 .310  .307 .07T18 798 1436 7.25 104.6
294 40.8 59.1 842 1056 34.4 75.8 .339 47.1 154.4 -<----- B e it I L P 11.46  -----
295 40.9 59.3 841 1054 34.5 76.0 .339 47.1 154.4  .0096 1184 1671 310 98 15 22 .240 .246 .0463 342 616 11.66 101.7
296 Tip peaked 42.5 61.6 843 1058 34.4 5.8 0.323 45.3 148.7 0.0132 1308 1896 301 82 30 43 0.252 0.246 0.0495 465 837 10.72 102.2
297 42.6 61.7 844 1060 33.3 73.4 .310 43.9 144.1 . 0169 1433 2120 302 83 46 68 .2565  .250 .0517 589 1060 10.00 103.0
30 42.3 61.3 841 1040 33.3 3.4 311 44,0 .144.5 ------ B i e e LT L P L e 9.66 -ee--
303 Circumferential 62.6 90.9 594 609 51.0 112.4 . 256 32.3 106.0 .0132 1093 1507 298 11 64 93 .537  .531 .0482 499 898 7.06 103.9
304 83.0 91.4 594 610 49.9 109.9 .248 31.5 103.2 .0168 1224 1743 298 77 102 148 .498  .494 .0510 630 1134 6.63 104. 4
305 Circumferential 62.9 91.3 593 608 49.9 109.9 .249 31.4 103.1 . 0204 1344 1959 299 78 152 220 .530 .526 .0502 751 1351 6.83 104.8
308 63.0 91.4 595 611 49.8 109.9 . 249 31.5 103.2 ; ~----- B i e L 6.38  -e---
309 41.9 60.8 843 1058 33.0 72,1 .304 44.3 145.3 0100 1196 1693 306 91 15 21 .465  ,458 ,0334 353 635 9.51 101.9
310 41.8 60.6 842 1056 33.9 74.7 .315 45.6 149.5 ,0135 1314 1906 302 84 29 42 417 .471 .0354 473 851 10.20 102.7
311 . 41.8 60.7 844 1080, 33.6 74.1 .313 45.3 148.7  .0151 1369 2005 304 87 37 53 .507 .502} .0366 525 945 10.19 102.17
312 |Circumferential 42.1 61.0)843|1057| 33.9 74.7 .313 ' 45.3 |148.6 0167 l 1418 [2093 | 303 85 46 67 .461 [ .456 | .0363 | 576 1036 10. 07 102.7
314 42.0 60.9 |846)1064| 33.6 74.0 3 45.2 [148.3 § ~----- B R R el B B e I e B Lol BE LDt b 9.50 | -----
315 Flat 21.2 30.8 f417] 292) 29.1 64.1 .373 38.2 |125.2 | ~----- R L I e e B e R el Rttt IR E e EEE bt et it 13.14 | -----




ditions used in this study. The takeoff condition was simulated except for inlet total
pressure, which was reduced due to a facility limitation. The simulated operating con-
ditions are given in table I.

RESULTS AND DISCUSSION

Table II is a list of test results for the takeoff and cruise operating conditions used
in the tests. ASTM-A1 fuel was used for all tests. The design average exit tempera-
ture of 1478 K (2200O F) was not obtained with all the inlet air velocity profiles due to
excessive local temperature peaks which would damage the exit temperature probes.
No effort was made to improve the exit temperature distribution.

Inlet Air Velocity Profiles

Four inlet air velocity profiles were used for these tests. Figure 3 shows the flat,
center peaked, and tip peaked inlet air velocity profiles where inlet annular height is
plotted against the air velocity parameter (V3- 5j - \£} 5)/V3. g for the takeoff and
Mach 2.7 cruise conditions. The average velocity at any radius is V3. 5 and V3_ 5 is
the average velocity of all radii. The slight difference in inlet air velocity parameter
between figures 3(a) and (b) at 60 percent of span for the center peaked inlet velocity
profile is believed due to a slight distortion of the punched plates used to create the dis-
tortion at the higher Mach number for this condition.

The circumferential inlet velocity profile is shown in figure 4. In this figure the
inlet air velocity parameter is plotted against circumferential position for each radius
measured. Twelve rakes of five points each were used to obtain the profile. Eight rakes
were located between the punched plates and the diffuser inlet while the other four rakes
were located at the diffuser inlet. For this figure, the V(3 or 3.5)j(loc) term in the
inlet velocity parameter is the velocity calculated for that particular point, while the
V(3 or 3.5)] is the average velocity for the twelve pressure tubes at that radius. A
more detailed description of these calculations is given in appendix E.
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ond (591 ft/sec).

Figure 3. - Diffuser inlet annulus height plotted against inlet air
velocity parameter for flat, center peaked, and tip peaked iniet
velocity profiles.
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TABLE III. - COMBUSTOR SHROUD AIRFLOW SPLITS

Inlet air velocity profile Flat | Center peaked | Tip peaked

Simulated takeoff®

Percent of inlet flow® 83.6 6. 8 7.6

Percent flow to outer shroud |25.5 24.0 27.5
over total shroud flow

Percent flow to center over |48.9 51.7 50.17
total shroud flow

Percent flow to inner shroud|25.6 24.3 21.8

over total shroud flow

Simulated Mach 2.7 cruise

Percent of inlet flow 83.7 74.3 77.0

Percent flow to outer shroud }25.1 23.0 27.5
over total shroud flow

Percent flow to center over |48.9 53.2 51.8
total shroud flow

Percent flow to inner shroud |26.1 23.8 20.8

over total shroud flow

4See table L

bTota.l airflow measured by shroud rakes over diffuser inlet
airflow. (Not all airflows through the shroud, some air
flows through the head plate and transition liners.)

Airflow Splits

Table II indicates the relative airflow splits between the three airflow passages
(outer, center, and inner) indicated in figure 5. These passages are located in the com-
bustor shrouds at the plane of the headplate. Also given in table III is the percentage of
inlet air flowing in the three passages. The air that bypasses the three passages enters
the combustor through the headplate and transition liners. As can be seen, with a rela-
tively high pressure loss combustor such as this, the airflow is nearly the same for the
three passages regardless of inlet velocity profile; that is, 50 percent of the flow to the
center passage and 25 percent each to the outer and inner passages. Calculations for
determining airflow in the shrouds is given in appendix E.

Pressure Loss

Figure 6 shows combustor pressure loss (which includes the diffuser and combustor
pressure loss) as a function of diffuser inlet Mach number for the three distorted inlet
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velocity profiles and the flat profile. The distorted profiles increased the pressure loss
up to 2 percentage points above the flat profile's pressure loss. The higher pressure
losses observed with the various profiles may be due to turning losses in the diffuser
caused by the distorted air channeling back into the three flow passages. The increase
in pressure loss with circumferentially distorted profile was one-third of the increase in
pressure loss observed with the center peaked profile compared to the flat inlet profile.
Also, the increase in pressure loss of the tip peaked profile was one-half of the increase
in pressure loss of the center peaked profile compared to the flat inlet profile. Both
observations are to be expected. The first because one-third of the annulus saw a center
peaked profile while the rest saw the flat profile. The second observation was expected
because the blockage plates used in the center peaked case were of nearly equal area,
thus if one were removed about half the loss in pressure over a flat profile should be
recovered.

Radial Temperature Profile

The design temperature profile at the combustor exit plane is determined by the
stress and cooling characteristics of the turbine in a particular engine application. For
the purpose of evaluating the combustor, a design exit average radial temperature pro-
file typical of advanced engines was selected. The measured exit average radial tem-
perature profiles for the different inlet air velocity profiles is compared with the design
temperature profile in figure 7. The open symbols indicate the exit average tempera-
tures measured at each radial position. Alsoc shown are the maximum temperature de-
viations at each radial position measured at any point around the circumference (solid
symbols). The effect of the various inlet air profiles on the average radial temperature
profile was small. The largest difference in average radial temperature between actual
and desired was 43 K (7’70 F) which occurred at the radius nearest the hub. The largest
difference in maximum temperature values between profiles excluding the circumferen-
tial inlet air velocity profile was only 54 K (970 F) occurring at the center radius. An
explanation of the high maximum tempseratures of the circumferential inlet air velocity
profile is given in the Circumferential Temperature Profile section.

As would be expected from the slight increase in airflow to the outer airflow passage
with the tip peaked inlet air velocity profile (see fig. 3 and table III), the exit tempera-
tures near the tip are cooler and the exit temperatures near the hub are warmer than
with the other inlet air velocity profiles. The similar results on average radial temper-
ature profiles obtained with the various inlet air velocity profiles are due to the nearly
identical air distribution between the airflow passages for the different inlet air velocity
profiles.
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air condition: total pressure, 62 newtons per square
centimeter absolute (90 psia); total temperature, 589 K
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Combustor Exit Temperature Distribution Parameters

Figure 8 is a comparison of pattern factor, stator factor, and rotor factor plotted
against combustor average temperature rise for the two airflow conditions and the vari-
ous inlet air velocity profiles tested. As can be seen in figures 8(a) and (b), the pattern
factors and stator factors ranged from 0. 19 to 0. 32 for the two airflow ranges and inlet
air velocity profiles tested (excluding the circumferential distorted profile). The best
pattern and stator factors were observed with the flat inlet air velocity profile and
ranged from 0.19 to 0.27. The stator factor and pattern factor for the circumferential
inlet air velocity profile ranged from 0. 46 to 0.54. This particularly poor performance
is explained in the Circumferential Temperature Profile section.

Rotor factor varied from 0. 0385 to 0. 0845 at the 589 K (6000 F) inlet air condition
and varied from 0. 0215 to 0. 052 at the 839 K (10500 F) inlet air condition regardless of
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inlet air velocity profile. Rotor factor with the circumferential inlet air velocity profile
was not the worst case as it was with pattern and stator factor.

Circumferential Temperature Profile

Figure 9 shows the circumferential variation of exit temperature. The temperatures
shown are averages of the five radial temperature measurements at any one circumfer-
ential position. Data were taken every 3° around the circumference. These data were
obtained at the simulated takeoff condition of table I. As would be expected from the
pattern factor and stator factor data, there is little difference between figures 9(a) to (c)
representing the flat, center peaked, and tip peaked profiles, respectively. Note that
the exit average temperature varies somewhat between figures 9(a) to (c).

Figure 9(d) presents the circumferential temperature profile for the circumferen-
tially distorted inlet velocity profile. Note there is a definite increase in circumferen-
tial average temperature in the 246° to 360° and 0° to 6° circumferential regions which
are directly downstream of the inlet blockage plates. As less air flows in this region
due to the blockage plates compared to the unblocked region and the same fuel flow per
fuel nozzle was introduced in both regions, a higher local fuel-air ratio and hence tem-
perature resulted in the blocked region. This increased the pattern factor and stator
factor even with no increase in temperature deviation from the average temperature in
each region. This occurs because the (Tmax - Tav) term is inflated by the difference
between the blocked region’'s average temperature and the overall average temperature.
This effect is illustrated in appendix E in the section entitled Exit Temperature Profiles.
If in figure 7(d), the pattern factor had been computed using the average temperature
which occurred in the region downstream of the blockage plates, the pattern faétor would
drop to 0.34. This compares to a pattern factor of 0.32 in figure 8(a), for the center
peaked inlet velocity profile at the same temperature rise that was observed in the hot
section of figure 9(d). In a similar manner, the stator factor would change from 0.53
to 0. 34 compared to 0.29 for the center peaked inlet velocity profile. Similarly rotor
factor would change from 0. 058 to 0. 092 compared to 0. 083 for the center peaked inlet
velocity profile.

The circumferential temperature profiles have not been plotted for the cruise con-
dition (table I) as the combustor average temperature rises for the various inlet air
velocity profiles were less than with the takeoff condition. Thus, only the more severe
point has been presented.

14



2600 —

2400 —

~N
~ny
o
(=]
l

Temperature, °F

~y
f=1
[=3
=]
|

1800

1600

GT

N
STNRALA

1800 :
8 Bottom dead center f Top dead center |
| l ,
\ \j ‘
|
|
1700 T
1600 2N }

] 9
< 1500 % j Y \,ﬂ ] Y X . i /
A ALV LV MTLAW SAA NAEYY) VIAVAYIN i
fro | ! NPT YN
] Y y

1200 — J]

Circumferential position, deg

{a) Flat inlet velocity profile.

Figure 9. - Radial average temperature plotted against circumferential position at simulated takeoff air condition.

Total pressure, 62 newlons per

square centimeter absolute (90 psia); total temperature, 589 K 600° F); reference velocity, 30.5 meters per second (100 ft/sec).

#



91

Of

Temperature

1300 Bottom dead center Top dead center
|
M A4
2600 — 1700 =
[ — r i - — ‘
200 1600 — |
b -
« 1500 A i \ A ' RYA\. [] N ; [ R j L
= e Moy S U TG AWV L
S M Wl v VAR VAW
2000— = o L‘\/ ] VU y Vv V\J
|
1300 -
1800 — J
1200
1600 — ,
1100 | | : ) ! ,
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 0

Circumferential position, deg
{b) Center peaked inlet velocity profile.

Figure 9. - Continued.

360



LI

1800

Bottom dead center

|

Top dead center

\J

A

2600 — 1700
00— 1600
|
i
s 1500 t
& 20— f’\
&; ; 4 " [y A . = Iy
> = | \
= ;&MOOJ\ MEAAY oA M Ng'&;]\ ?\'ﬂ \, \
£ Y |
Ea = WY NPV AN Vs L
—y \ J ¥ V VO‘ "&(
1300* MR
18001— !
|
1200
1600
1100 ’
0 20 0 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

Circumferential position, deg
{c) Tip peaked inlet velocity profile.

Figure 9. - Continued.



81

Temperature, °F

2600

2400

2200—

2000—

1300 [ N
1800 — \ /W\

1600 —

K

Temperature

1800
l Bottom dead center Top dead center
|
| ' '
1700 }— - !
1600
1500

1400 01

N |
Nt

AN
At A3

-

Jvag

A j\M ] Y
A HEM:)J;

1200

W

VW'

1100

|
J
1
I

~.

20

40

60

80

100

120 140 160 180 200 220 240
Circumferential position, deg

(d) Circumferentially distorted inlet velocity profile.

Figure 9. - Concluded.

260

280

300

320

340

360



Combustion Efficiency

Inlet air velocity profile, flat or radially and circumferentially distorted, had no
effect on combustion efficiency. Combustion efficiency was 100 percent for both the -
simulated takeoff and Mach 2.7 cruise conditions.

SUMMARY OF RESULTS

Full-scale tests were conducted on a short-length double-annular ram-induction
combustor to determine the effects of distorted diffuser inlet velocity profiles on per-
formance. Both radial and circumferential distortions were used in the evaluation.
Previous tests of this combustor with flat inlet profiles showed satisfactory performance
comparable to similar annular combustors about 50 percent longer.

The following results with distorted inlet profiles at both simulated sea-level takeoff
and Mach 2.7 cruise conditions were obtained:

1. With the exception of the circumferentially distorted inlet velocity profile, the
exit radial temperature profile was unaffected by inlet air profile distortions.

2. Pattern and stator factors were unaffected by radially distorted inlet velocity
profiles and ranged from 0. 19 to 0.32.

3. The circumferentially distorted inlet velocity profile doubled pattern and stator
factors compared to the flat profile resulting in valves of 0. 46 to 0. 54.

4. Rotor factor was unaffected by inlet velocity profile, either radial or circumfer-
ential, and ranged from 0. 0385 to 0. 0845 at simulated takeoff and from 0.0215 to 0. 052
at simulated Mach 2.7 cruise condition.

5. Distorted inlet air profiles increased the pressure loss up to two percentage
points above that for the flat inlet profile. A flat inlet air velocity profile with a diffuser
inlet Mach number of 0.3 produced a total pressure loss from diffuser inlet to com-
bustor exit of 8.2 percent.

6. With this relatively high pressure loss combustor, airflow redistributes itself
in the diffuser to obtain approximately the same airflow split between combustor pas-
sages regardless of the inlet air velocity profiles.

7. Combustion efficiency was 100 percent for all conditions tested.

CONCLUDING REMARKS

In all, the different inlet air velocity profiles had little effect on combustor per-
formance except the circumferential distorted velocity profile. All the profiles in-
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creased the combustor pressure loss compared to the undistorted conditions. In addi-
tion, the circumferentially distorted velocity profile significantly increased the
combustor pattern and stator factors. The effect on exit temperature of circumferen-
tially distorted velocity profiles like radially distorted velocity profiles would probably
remain as severe or become more severe with a lower pressure loss combustor.

Exit temperature distortions induced by radial inlet air velocity profiles can often
be corrected by minor changes in combustor hardware. Such changes as varying the
fuel flow split between annuli in multiple annuli combustors, changing the fuel nozzle
spray angle, and adding, blocking, or moving holes or slots in the combustor liners fall
in this category. It is unlikely, however, that a circumferentially distorted inlet veloc-
ity profile can be corrected with minor combustor hardware changes.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, December 6, 1971,
764-74.

20



rot

o o ol

stat

90, 01: 99
Subscripts:
av

des

loc
max

ref

APPENDIX A

SYMBOLS

pressure

total pressure drop across combustor, Pt3 - P,£4
temperature

temperatire rise across combustor, Tt4 - Tt3
velocity

pattern factor

rotor factor

stator factor

circumferential positions

average

design

radial location

local (a single point)

maximum (a single point)

reference

static

total

11.4-cm (4.5-in.) upstream of diffuser inlet
diffuser inlet

combustor exit
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APPENDIX B

COMBUSTION DESIGN

The Double-Annular Concept

The combustor used in this investigation is referred to as a double-annular ram-
induction combustor. Constructing the combustion zone as a double annulus permits the
reduction of overall combustor length while maintaining an adequate ratio of length to
annulus height in each combustion zone. This double-annular feature allows a consider-
able reduction in length to be made over a single annulus with the same overall height.

However, individual control of the inner and outer annulus fuel systems of the
double-annular combustion zone provides a useful method for adjusting the outlet radial
temperature profile.

The Ram-Induction Concept

The ram-induction combustor differs from the more conventional combustors in that
the compressor discharge air is allowed to penetrate into the combustion and mixing
zones without diffusing to as high a static pressure as a conventional static pressure-fed
combustor. The kinetic energy of the inlet air is thereby used to promote rapid mixing
of air and fuel in the primary zone and diluent air and burned gases in the mixing zone.
The airflow is efficiently turned into the combustor by two rows of vaned turning scoops
that penetrate into the combustion zones.

The ram-induction combustor has several advantages over conventional static
pressure-fed combustors; they are the following:

(1) A shorter length combustor is obtained because more controlled mixing can be
established in the combustion zone. This is achieved by better control of the airflow
injection angle with the vaned turning scoops.

(2) Diffuser length can be shortened since diffusion to very low combustor air veloc-
ities is no longer needed or desired. The overall diffuser-combustor length can, there-
fore, be reduced. The small area ratio diffuser in the shorter length could have less
pressure loss since it is not as prone to flow separation as combustors of larger area
ratios. However, this advantage can be offset by the increased turning losses associated
with spreading the relatively high velocity flow evenly into the combustor.

(3) The high velocity flow over the exterior surfaces of the combustor provides sub-
stantial convective cooling of these walls. This reduces the film cooling air require-
ments. Thus more air is available for mixing and temperature profile control.
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A more detailed discussion of the ram-induction concept is provided in reference 4.

Combustor Design Details

The double-annular ram-induction combustor including the diffuser section used for
this investigation is shown in cross section in figure 5. Forward airflow spreaders in
the diffuser split the inlet airflow into three passages leading into the combustor. These
are the inner liner passage, the outer liner passage, and the center passage. About
50 percent of the airflow is ducted by shrouds surrounding the outside of both the outer
and inner liners of the combustors. The high velocity airflow which is maintained from
the diffuser inlet through this ducting is turned into the combustor burning zones by
means of the scoops discussed previously. The first row of scoops supplies air to the
primary zone while the second row supplies diluent air to the secondary zone.

Basic dimensions for this combustor are shown in figure 5. The diameters are
essentially those of the combustor for the Pratt and Whitney Aircraft experimental
supersonic transport engine (JTF 17 (ref. 5)). However, the diffuser-combustor overall
length of the double-annular combustor is about 30 percent shorter than that used in the
JTF 17 engine.

Photographs of the combustor are shown in figure 10. Figure 10(a) shows the down-
stream end with the two circumferential rows of scoops of the inner and outer liners and
those of the center section. Figure 10(b) is a closeup of this same view showing more
detail of the scoop arrangement. The fuel nozzles and associated swirlers are removed,
but the deflectors for cooling the inner and outer headplates are shown at the nozzle loca-
tions. A side view of the combustor with the upstream diffuser airflow spreaders and
inner exit transition liner added to the combustor is shown in figure 10(c). The notches
in the airflow spreaders fit around the diffuser struts. The combustor is pin mounted
through the struts using tangs attached to the inner and outer headplates that extend for-
ward into the airflow spreaders.

Fuel nozzles. - Simplex fuel nozzles with air swirlers were used for the investiga-
tion. A curve of total fuel flow for the combustor (sum of 64 nozzles) as a function of
pressure drop across these nozzles are shown in figure 11.

Combustor design specifications. - The major items in the combustor design are

tabulated in table IV. The circumferential locations of combustor components such as
scoops, fuel nozzles, and diffuser struts are shown in figure 12. The flow areas as
distributed among the many openings (scoops, film cooling, swirlers, etc.) are given
on the combustor sketch of figure 13. The scoop discharge areas with length and width
dimensions are listed in table V.
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TABLE IV. - DOUBLE-ANNULAR RAM-INDUCTION COMBUSTOR DIMENSIONS AND SPECIFICATIONS

Lengths

Compressor exit to turbine inlet, em (in.) .

Fuel nozzle face to turbine inlet, cm (in.) .
Diameters

Inlet outside diameter, cm (in.)

Inlet inside diameter, c¢m (in.) .

Outlet outside diameter, cm (in.) .

Outlet inside diameter, cm (in.)
Shroud

Outside diameter, c¢m (in.)

Inside diameter, cm (in.) P
Reference area (between shrouds), crn2 (in.
Diffuser inlet area, cm2 (in. 2) . ..
Open hole area (including cooling), cm2 (in.z)
Flow spreader inlet areas

Outside diameter passage, cm2 (in. 2) .

Center passage, cm2 (in. 2)

Inside diameter passage, cm2 (in.
Exit area, cm (in.z) .

Number of fuel nozzles and swirlers
Number of diffuser struts
Number of ram-induction scoops

2)

Rows, primary zone .
Rows, secondary zone .
Ratio length to annulus height
Outer annulus
Inner annulus .

5° 37" 30"

Figure 12, - Circumferential arrangement of combustor scoops and fuel nozzles.

2)

O Primary scoops
O Secondary scoops
(1 Fuel nozzle locations

v Diffuser struts
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TABLE V. - SCOOP AREAS? AND SIZES FOR DOUBLE-ANNULAR

RAM-INDUCTION COMBUSTORP

Type of scoop Discharge area Length Width

cm2 in. 2 cm in. cm in.

Outer liner primary 80.516 |112.480 (1.163 10.458 |1.163 (0. 458
Outer liner secondary {142.864 {22.144 |1.560| .614|1.560 | .614
Outer center shroud 80.516 [12.480 |1.163 | .458 y1.163 | . 458
primary
Outer center shroud 71.432 {11.072 |1.560) .614 | .803 | .306
secondary
Inner center shroud 80.516 [12.480 |1.163 | .458 {1.163 | . 458
primary
Inner center shroud 71.432 111.072 {1.560] .614 | .803 | .306
secondary
Inner liner primary 80.929 ]12.544 |1.222 ] .481 |1,112 | . 438
Inner liner secondary {146.580 |22.720 {1.963| .773 |1.245 | . 490

&A1l areas are actual area for full annulus.
Psee fig. 1.
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APPENDIX C

TEST FACILITY

The full-scale double-annular ram-induction combustor investigation was conducted
in a closed-duct test facility of the Engine Components Research Laboratory at Lewis.

A sketch of this facility is shown in figure 14. Airflows for combustion up to 136 kilo-
grams per second (300 lbm/sec) at pressures from below atmospheric to 10 atmospheres
could be heated to 922 K (1200O F) without vitiation before entering the combustor under
test.

For combustor inlet air temperatures of 589 K (600° F) or less, an indirect-fired
heat exchanger was used. For higher inlet temperatures (to 922 K (1200° F)), a second
stage of indirect heating was used. Heat for the second stage was provided by a natural-
gas-fueled J-57 jet engine with an afterburner. The engine exhaust gases were passed
through a heat exchanger of special design shown in figure 15.

Figure 16 shows the combustor test section and the connected inlet and outlet duct-
ing. About 4—% pipe diameters of constant area duct was ahead of the test section, which
included the diffuser inlet and diffuser as part of the housing. The combustor housing
measured 1.0 meters (40 in. ) at the maximum diameter and was 0. 96 meter (38 in.)
long including the inlet section. Following the combustor housing was the outlet instru-
mentation section. Downstream of this section, the combustor exhaust gases were
cooled by a water-injection spray system. The exposed surfaces downstream of the
combustor were cooled by two methods: (1) circulating water in passages adjacent to the
hot surfaces, and (2) water sprays impinging directly on the exposed surfaces. Photo-
graphs of the test section installation are shown in figure 17.

Airflow rates and combustor pressures were regulated by remotely controlled valves
upstream and downstream of the test section. Flow straighteners were used to evenly
distribute the airflow entering the combustor (see figs. 14 and 16).
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(b) Test section.
Figure 17. - Test section for advanced annular combustor.
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APPENDIX D

INSTRUMENTATION

Measurement Methods

Measurements to determine combustor operation and performance were recorded by
the Lewis Central Automatic Data Processing System (ref. 6). Control Room readout
instrumentation (indicating and recording) was used to set and monitor the test condi-
tions and the operation of the combustor. Pressures were measured and recorded by
the central Digital Automatic Multiple Pressure Recorder (DAMPR) and by strain-gage
pressure transducers (ref. 7). Iron-constantan thermocouples were used to measure
temperatures between 240 to 675 K (-28° to 755° F), Chromel-Alumel thermocouples
measured temperatures between 240 and 1560 K (-28° and 2350° F). High temperatures,
275 to 1920 K (350 to 3000° F) were measured with platinum- plus- 13 percent-rhodium/
platinum thermocouples. The indicated readings of all thermocouples were taken as
true values of the total temperatures. The platinum-plus-13 percent-rhodium /platinum
thermocouples were of the high-recovery aspirating type (ref. 8, type 6).

Airflow rates were measured by square-edged orifices installed according to ASME
specifications. Fuel flow rates were measured by turbine flowmeters using frequency-
to-voltage converters for readout and recording.

Instrumentation Stations

The locations of the combustor instrumentation stations are shown in figure 1. In-
strumentation at inlet stations 3 and 3.5 is shown in figure 1(b). Inlet air temperature
was measured by eight Chromel- Alumel thermocouples that were equally spaced around
the inlet at station 3. Inlet air total pressure was measured by eight five-point total
pressure rakes equally spaced around the inlet at station 3 and four five-point Pitot
static tube rakes at station 3.5. The pressure rakes measured the total pressure pro-
file at centers of equal areas across the inlet annulus. Static pressure at the inlet was
measured by sixteen wall static pressure taps with eight on the outer and eight on the
inner walls of the annulus at station 3 and the twenty statics associated with the Pitot
tubes at station 3.5.

Combustor shroud instrumentation consisted of six rakes to measure airflow dis-
tribution between the outer, inner, and center flow passages as defined in figure 5.
Each rake consisted of three total pressure tubes and a static pressure tube. These
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rakes were located at the entrance to each flow passage and the tubes were at centers
of equal area.

Combustor outlet total temperature and pressure at instrumentation station 4 were
measured at 3° increments around the exit circumference. At each 3° increment, five
temperature and pressure points were measured across the annulus. The water-cooled
probe assembly containing the five temperature and pressure sensors is shown in fig-
ure 18. Three of these probes, each on an arm 120° apart, rotated 120° providing full
coverage of the circumference. Water-cooled shields protected these probes when
they were not in use at three fixed points in the exhaust stream. At these points, tem-
perature and pressure were not measured. The probes were made of platinum-rhodium
alloy where exposed to the hot exhaust gases. Also located at station 4 were eight wall
static pressure taps.

/
L. Cooling water
connections

Total temperature
probe protection tube

~——Total pressure probe C-70-1831

Figure 18. - Five-point total temperature and total pressure water-cooled probe
assembly.
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APPENDIXE

CALCULATIONS
Combustion Efficiency

Efficiency was determined by dividing the measure temperature rise across the
combustor by the theoretical temperature rise. The theoretical rise is calculated from
the fuel-air ratio, fuel properties, inlet air temperature, and pressure, as well as the
amount of water vapor present in the inlet airflow. The exit temperatures were meas-
ured with five-point traversing aspirated thermocouple probes and were mass-weighted
for the efficiency calculation. The indicated readings of all thermocouples were taken
as true values of the total temperatures. The mass-weighting procedure is given in
reference 5. In each mass-weighted average, 585 individual exit temperatures were
used.

Reference Velocity and Diffuser Inlet Mach Number

Reference velocity Vre £ for the combustor was computed from the total airflow,
the maximum cross-sectional area between the inner and outer shrouds (see table IV),
and the diffuser inlet using total pressure and temperature. Diffuser inlet Mach number
was calculated from the total airflow; the total temperature, and the static pressure
measured at the diffuser inlet, and the inlet annulus area.

Total Pressure Loss
The total pressure loss AP/Pt3 was calculated by mass-averaging total pressures

measured upstream of the diffuser inlet and at the combustor exit. The total pressure
loss, therefore, includes the diffuser loss.

Exit Temperature Profile Parameters

Three parameters of interest in evaluating the quality of exit temperature profile
are considered. Figure 19 is a graphical explanation of these parameters.
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Figure 19. - Explanation of terms in exit temperature profile parameters,

The exit temperature pattern factor 6 is one parameter which is defined as

5 - rI‘t4(max) - Ty
Tig- Tis

where Tt 4 and T.q are averages of temperatures measured at the exit and inlet, and
where Tt 4(max) " Tt 4 18 the maximum temperature occurring anywhere in the com-
bustor exit plane minus the average exit temperature. The parameter is useful for pre-
liminary screening, but it does not take into account the desired radial temperature pro-
file for which the combustor was designed. The desired average radial distribution of
temperature at the combustor exit plane is determined by the stress and cooling charac-
teristics of the turbine. For purposes of evaluating the double-annular combustor, an
exit radial temperature profile was selected for conditions that are typical of advanced
engines.

The two other parameters take the design profile into account. These parameters
are

':Tt4j(loc) - Ty (desﬂ

5 B max
stat ~
Tig- Tyg
T, 4: -~ T,y
5 _[ t4j t4j (desilmax
rot ~
Tiq - Tig
where El‘t 4j(loc) ~ Tt 4j(des) for & stat is the maximum positive temperature differ-
max

ence between the highest local temperature at any given radius and the design tempera-
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ture for that same radius (subscript j refers to any radial location in the radial tem-
perature profile) and where [I‘t 4§~ Tt 4j(des) for Gr ot is the maximum tempera-
max

ture difference between the average temperature at any given radius around the circum-
ference and the design temperature for that same radius (see fig. 19). The term
Tt 4- T,£3 used in all three parameters is the average temperature rise across the com-
bustor AT.

The parameter & stat is a measure of the quality of the exit temperature profile on

the turbine stator, and 5r ot is a measure of the qualify of the exit temperature profile

on the turbine rotor.
Figure 20 is a model of a circumferentially distorted inlet air velocity profile. It is

1400’—'
AT
e [ SOl

1200— [ AT
= . — s N I L S N
2 ¥
© AT _
o {8-8y)
g 1000 e
= T
s t4(8p82) max
5 Tia(9,-0,)
£ 800[— T44(85-8 ) rmax 14418852
£ Tia(9y-6,)
E Tugy 0|
5 071
=z
600—
i3 | |
400 .
% 8 . 8
Circumferential position
Figure 20. - Wlustration of how a circumferentially distorted inlet air velocity profile increases

pattern factor compared to radially distorted profiles where 8;~ 8; represents flat infet veloc-
ity profile region and 8; ~ 8 represents center peaked inlet velocity profile region.

drawn to illustrate the effect on pattern factor caused by circumferential inlet air veloc-
ity distortions compared to radial inlet air velocity distortions. On this figure additional
subscripts will be found to correlate the exit temperature profile parameter of figure 19
to the special case presented in figure 20. The region of the curve from 90 - 91 (repre-
sented by subscripts 6o - 61) would correspond to a flat or moderately distorted inlet
air velocity profile. Likewise the region of the curve from 91 - 92 (represented by
subscripts 64 - 92) would correspond to a severe distortion. Note in the following cal-
culation that the terms AT(QO _ 91) and AT(Q1 _ 92) in the figure have been selected to

give equal pattern factors for the two regions, thus neither region's temperature profile
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has been compromised. Figure 8(a) indicates that, on insensitive combustors such as
this one, pattern factors are affected little by radial inlet air velocity profile.

The following computations show three methods of calculating the pattern factor for
a circumferentially distorted inlet velocity profile which are: the normal way, calculat-
ing the pattern factor only in the 6 0- 61 region, and calculating the pattern factor only
in the 91 - 62 region. These calculations show a hypothetical increase in pattern fac-
tor of two-thirds from 0.25 to 0. 417 resulting from simply combining two otherwise low
pattern factor radial inlet air velocity profiles into one circumferentially distorted inlet
air velocity profile. The equation for pattern factor is

3 - T'c4(max) - Ty
Tig - Tyg

and the normal computation of pattern factor is

T =T
t4(max) t4(0,.-6
( 0 2>max

Tig = Tt4(90- 85)
Tiz = Ty3

Thus,

Tig00 - -T .
5 (00 92>max t4(90 92>

Tt4(90- 69) " Tys

_1350 - 1100
1100 - 500

(Numbers refer to fig. 20)

= 0. 417

Calculating the pattern factor only in 90 - 91 region is

Tia(max) = Tt4(eo—91)max

37



Tiq = Tt4(90-91)

Tiz = T3

Thus,

T -T
t4(90- Ol)max t4(e o 91)

6 —_
8,6
(o01) Tta(og-6,) = Tt3
_ 1125 - 1000
1000 - 500
- 0.25

and calculating the pattern factor only in 81- 09 region is

T =T
t4(max) t4(0.-6
( 1 2)max

Tig = Tt4(61— 65)

Ti3 = T3

Thus,

Tt4(01- 05)

-T
t4(64-6
max <1 2)

s =
8-
(717%) Tta(a,-0,) ™ Tt3

_ 1350 - 1200
1100 - 500
- 0.25
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Diffuser Inlet Velocity Profile

The diffuser inlet velocity profile was determined by calculating the velocity at each
of the twenty total pressure tubes at station 3.5. Total temperature, static pressure,
and total pressure measurements at that station were used for the calculation. To deter-
mine the V3_ 5 term, the four velocities at each radius were averaged. In like manner,
the V3. 5 term is the average of the five V3_ 5 terms or the average of the twenty
V3. 5i(loc) positions. In the case of circumferential velocity profile plots, the

(3 or 3.5)j(loc) term is velocity calculated at each total pressure tube position. In
this case, the V(3 or 3.5)j term is the average velocity at a given radius rather than
the average of all total pressure measurements. It is assumed that the inlet total tem-
perature is the same at both stations 3 and 3.5. The circumferential profile plots in-
clude data from both stations to present a more complete description of the profile. In
this case, the total pressure is assumed to be nearly equal at both stations 3 and 3. 5.
The data at station 3 was obtained with forty total pressure tubes and sixteen wall static

tubes.

Shroud Flows

For the shroud flows, an airflow was calculated for each total pressure tube all of
which were located at centers of equal areas. The three airflows for each rake were
summed. The two rakes in each annular passage were then averaged. The total shroud
flow was determined by summing the average flow entering each passage. This flow was
used to determine the percentage split between the three annular passages.

Units

The customary English system of units was used for primary measurements and
calculations. Conversion to SI units (Systéeme International d'Unités) is done for report-
ing purposes only. In making the conversion, consideration is given to implied accuracy
and may result in rounding off the values expressed in SI units.

39



40

REFERENCES

Perkins, J. Porter; Schultz, Donald F.; and Wear, Jerrold D.: Full-Scale Tests of

a Short- Length, Double-Annular Ram-Induction Turbojet Combustor for Supersonic
Flight. NASA TN D-6254, 1971.

Robbins, William H.; and Glaser, Frederick: Experimental Investigation of the
Effect of Circumferential Inlet Flow Distortion on the Performance of a Five-Stage
Axial- Flow Research Compressor with Transonic Rotors in All Stages. NACA RM
E57J17, 1958.

Wear, Jerrold D.; Perkins, Porter J.; and Schultz, Donald F.: Tests of a Full-

Scale Annular Ram-Induction Combustor for a Mach 3 Cruise Turbojet Engine.
NASA TN D-6041, 1970.

Chamberlain, John: The Ram Induction Combustor Concept.

Presented at the ATAA
Third Propulsion Joint Specialist Conference, Washington, D.C., July 7, 1967.

Rusnak, J. P.; and Shadowen, J. H.: Development of an Advanced Annular Combus-
tor. Rep. PWA-FR-2832, Pratt & Whitney Aircraft (NASA CR-72453), May 30,
1969.

Staff of the Lewis Laboratory: Central Automatic Data Processing System. NACA
TN 4212, 1958.

Mealey, Charles; and Kee, Leslie: A Computer-Controlled Central Digital Data
Acquisition System. NASA TN D-3904, 1967.

Glawe, George E.; Simmons, Frederick S.; and Stickney, Truman M.: Radiation

and Recovery Corrections and Time Constants of Several Chromel-Alumel Thermo-
couple Probes in High- Temperature, High-Velocity Gas Streams.

NACA TN 3766,
1956.

NASA-Langley, 1972 — 28 Fo-6464



NATIONAL AERONAUTICS AND SPACE ADMISTRATION

WASHINGTON, D.C. 20546

OFFICIAL BUSINESS
PENALTY FOR PRIVATE USE $300

024 007 C1 U
DEPT OF THE AIR FORCE

AF WEAPONS LAB (AFS5C)
TECH LIBRARY/WLOL/

ATTN: E LOU BOWMAN, CHIEF

KIRTLAND AFB NH 87117

FIRST CLASS MAIL .

POSTAGE AND FEES PAID
NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION

%

—
U.S.MAIL
- E—

28 720204 s00903DS

. If Undeliverable (Section 158
POSTMASTER: Postal Manual) Do Not Returr

L

“The aeronautical and space activities of the United States shall be .

" conducted so as to comtribute . . .

to the expansion of buman knowl-

edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
“of information concerning its activities and the results thereof.”

— NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA :SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and
technigal-information considered important,
complete, and a lasting contribution to existing
knowledge.

TECHNICAL NOTES: Information less broad
in scope but nevertheless of importance as a
contribution to existing knowledge.

TECHNICAL MEMORANDUMS:
Information receiving limited distribution
because of preliminary data, security classifica-
tion, or other reasons.

CONTRACTOR REPORTS: Scientific and
technical information generated under a NASA
contract or grant and considered an important
contribution to existing knowledge.

TECHNICAL TRANSLATIONS: Information
published in a foreign language considered
to merit NASA distribution in English,

SPECIAL PUBLICATIONS: Information
derived from or of value to NASA activities.
Publications include conference proceedings,
monographs, data compilations, handbooks,
sourcebooks, and special bibliographies.

TECHNOLOGY UTILIZATION
PUBLICATIONS: Information on technology
used by NASA that may be of particular
interest in commercial and other non-aerospace
applications. Publications include Tech Briefs,
Technology Utilization Reports and

Fechnology Surveys.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION OFFICE

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546



